Photorefractive materials are being widely investigated for applications in holographic data storage 1 . Inhomogeneous illumination of these materials with an optical interference pattern redistributes charge, builds up internal electric fields and so changes the refractive index. Subsequent homogeneous illumination results in light diffraction and reconstructs the information encoded in the original interference pattern. A range of inorganic and organic photorefractive materials are known 2 , in which thousands of holograms of high fidelity can be efficiently stored, reconstructed and erased. But there remains a problem with volatility: the read-out process usually erases the stored information and amplifies the scattered light. Several techniques for 'fixing' holograms have been developed [3] [4] [5] [6] , but they have practical disadvantages and only laboratory demonstrators have been built [7] [8] [9] [10] . Here we describe a resolution to the problem of volatility that should lead to the realization of a more practical system. We use crystals of lithium niobate-available both in large size and with excellent homogeneity-that have been doped with two different deep electron traps (iron and manganese). Illumination of the crystals with incoherent ultraviolet light during the recording process permits the storage of data (a red-light interference pattern) that can be subsequently read, in the absence of ultraviolet light, without erasure. Our crystals show up to 32 per cent diffraction efficiency, rapid optical erasure of the stored data is possible using ultraviolet light, and light scattering is effectively prevented.
Build-up of space-charge fields in photorefractive materials requires redistribution of charge. Transition-metal ions can occur in inorganic crystals in different valence states: for example, iron is present in LiNbO 3 , the electrons migrate in the conduction band and finally they are trapped somewhere else by Fe 3+ sites. The dominant charge driving force in LiNbO 3 is the bulk photovoltaic effect, which causes the excited electrons to migrate in a preferred direction. Drift and diffusion can also contribute to the movement of the charge carriers. Reconstruction of stored information, which requires homogeneous illumination with light of the recording wavelength, causes uniform electron excitation. As a result, the charge pattern is 'washed out' and the hologram becomes erased.
One approach to obtaining non-volatile storage is to copy the space-charge pattern into a pattern of immobile ions 3 ('thermal fixing'). Ions become mobile if the crystals are heated; they migrate to compensate the space-charge field and after cooling they become immobile again. The resulting ion pattern cannot be erased by light. Alternatively, the recorded space-charge field can be copied into ferroelectric domains 4 ('electrical fixing'). This is accomplished through application of external electric fields, which switch ferroelectric domains in the regions where the external and internal fields add up. The domain pattern is also stable against further illumination. Unfortunately, heating or application of large external fields is not practical and rapid refreshing of the memory is not possible. Two-step recording 5 is an all-optical approach for non-volatile storage: recording light of low photon energy and sensitizing light , the low sensitivity of this approach remains a serious drawback. Recording with light of one wavelength and just reading with light of a longer one causes substantial information losses due to the Bragg condition of volume diffraction 6 . Even though all these techniques work [7] [8] [9] [10] , the outlined disadvantages have made holographic data storage impractical thus far.
The method we describe here uses crystals that have two different deep traps, with energy levels in the gap between the valence and conduction bands. Such crystals are often photochromic 13, 14 , which means that the absorption of the material at one wavelength can be changed by illuminating it at another wavelength. We can explain the physical mechanism for photochromism in such doubly doped crystals with reference to Fig. 1b , which is the band diagram for a LiNbO 3 crystal doped with iron (shallower trap) and manganese (deeper trap). Manganese occurs in LiNbO 3 in the valence states 2+ and 3+ (ref. 15) . Initially, the electrons tend to be in the deeper traps and the crystal is transparent for wavelengths corresponding to the Fe 2+/3+ level (centred at 477 nm). If the crystal is illuminated with light at shorter wavelengths that can ionize the deeper manganese traps, then the iron traps become populated and the crystal becomes absorptive for a wide range of visible wavelengths. We can return the crystal to its transparent state by illuminating it with light in the visible range, which transfers the electrons from the iron traps back to the manganese traps. This is shown in Fig. 2 , which is a photograph of such a crystal after ultraviolet pre-exposure and subsequent red-light illumination. The red light was present in the centre of the crystal only, and the bleaching can be clearly seen. It has been previously observed that the holographic sensitivity of such photochromic photorefractive crystals is enhanced for longer wavelengths when they are pre-exposed to short-wavelength radiation 13, 16 . Here we show how we can use photochromic doubly doped LiNbO 3 crystals to realize non-volatile holographic storage.
Experiments were performed with a 0.85-mm-thick LiNbO 3 crystal doped with 0.075 wt% Fe 2 O 3 and 0.01 wt% MnO. We used a 100-W mercury lamp as the ultraviolet light source, and a 35-mW HeNe laser for holographic recording. The unpolarized ultraviolet light illuminates the crystal evenly (wavelength 365 nm, intensity 20 mW cm −2 ); the HeNe laser light is split into two plane waves which interfere at the crystal (wavelength 633 nm, beam diameter 2.0 mm, intensity of each wave 300 mW cm −2 , transmission geometry; quoted diameter and intensity are for the area within which power drops to 1/e 2 of its maximum value). The grating vector of the interference pattern is aligned along the c axis of the sample. During recording, one of the HeNe beams is blocked from time to time and the second beam is diffracted from the written grating to obtain the diffraction efficiency h as the ratio between diffracted and total incident light powers.
The lower curve in Fig. 3 shows the evolution of the diffraction efficiency when a holographic grating is recorded with the HeNe laser light beams only, following a 2-hour pre-exposure to ultraviolet light. It increases rapidly, reaches a maximum and decreases afterwards almost to zero. The origin of this behaviour is clear: the ultraviolet pre-exposure excites electrons from manganese centres and populates homogeneously the iron level. As the Fe 2+ ions can absorb red light, the HeNe laser records a hologram. Interference maxima yield large photovoltaic currents, which build up spacecharge fields and refractive-index changes. However, the Fe 2+ sites become bleached in the high-intensity regions and the current drops. Ultimately, the darker regions are also bleached, and all electrons are trapped by the Mn 3+ ions. However, the achieved Mn 2+ concentration is almost completely spatially homogeneous; this is because we start with a homogeneous Fe 2+ concentration, and each excited carrier is moved in the same direction by approximately the same distance before it becomes retrapped by the Mn 3+ ions. Thus the final space-charge field is very small, and this approach is not suitable for efficient storage. The central idea that allows non-volatile storage is to illuminate the crystal with ultraviolet and red light simultaneously, wait until saturation is reached and then switch the ultraviolet light off. The upper curve in Fig. 3 shows the result obtained by this method. The first observation is that much larger efficiencies are achieved during recording. In addition, read-out erases only a fraction of the hologram because electrons are removed from iron. However, after complete bleaching of the Fe 2+ sites, the hologram remains recorded in the manganese traps. From this stage on, the crystal is insensitive to red light and read-out is non-volatile. Extrapolation of a 12-hour reading experiment shows that continuous read-out of at least two weeks is possible until the diffraction efficiency drops further by a factor of 1/e. Figure 4 illustrates the processes schematically. The light intensities and the concentrations of electrons trapped in iron and manganese are shown against the spatial coordinate before, during and after recording. At the beginning, only homogeneous ultraviolet light is present (Fig. 4a) . Some electrons are trapped in manganese and some in iron.
During recording (Fig. 4b) , the presence of the red interference pattern causes electrons to be excited from iron and moved back to manganese in the regions of interference maxima. The bulk photovoltaic currents, which are proportional to the product of light intensity and concentration of filled electron traps, create spatially inhomogeneous currents that contribute to build-up of the spacecharge field. Homogeneous ultraviolet light excites electrons from the modulated iron and manganese patterns, while modulated red light excites electrons only from iron. As the excited electron distribution and current pattern are replicas of the red-light intensity pattern, the distribution of the charge re-trapped in manganese also stores the same pattern. The continuous presence of ultraviolet light replenishes the iron sites and makes it possible to sustain and build up the transfer of information from iron to manganese. Detailed analysis of this process yields the following result: saturation space-charge field, refractive-index change and diffraction efficiency depend on the ratio of the intensities of the red and ultraviolet light, and not on their absolute values. Red light of too high an intensity bleaches the Fe 2+ sites, the concentration of electrons in iron is small, and the space-charge field approaches zero. If the red light is too weak, the ultraviolet light erases the information, and the space-charge field again becomes zero.
After recording, the ultraviolet light is switched off. The red light initially removes the electrons from iron until all of them are trapped in manganese, and read-out becomes non-volatile (Fig.  4c) . However, optical erasure by homogeneous ultraviolet light is still possible.
Our experiments reach a non-volatile diffraction efficiency of 4% for ordinarily polarized light and, due to a larger electro-optic coefficient, 32% for extraordinary polarization. The square root of the saturation efficiency yields the quantity M/#, a measure of how many holograms can be multiplexed 17 . We get a maximum M/# of ϳ0.6 with the 0.85-mm-thick crystal. Typical values for volatile recording with green light in iron-doped material are around M=# ¼ 1 for ϳ1-cm-thick crystals 17 . As M/# is proportional to the thickness of the recording material, a 1-cm-thick crystal with the new technique should yield M=# Ϸ 7. The areal density of absorbed light energy required to get 1% diffraction efficiency is denoted by W h=1% . Our non-volatile method requires W h¼1% ¼ 3:5 J cm Ϫ 2 of red light, while typical values achieved with green light in irondoped material are ϳ1 J cm −2 . For instance, for a recording area of 1 mm 2 , and 10 mW of absorbed red light, the exposure time required to achieve diffraction efficiency equal to 10 −6 is less than 35 ms, corresponding to a recording rate of ϳ30 Mbit s −1 . It is remarkable that the new technique provides a significant improvement in M/# and does not sacrifice sensitivity (W h=1% ), even though it was produced in order to provide convenient non-volatile storage and its parameters here not yet been optimized. For instance, the concentrations of iron and manganese can be fine-tuned. Use of cerium instead of iron, and copper instead of manganese, may further improve both M/# and W h=1% . A change of the wavelength of the sensitizing light may enable additional advances to be made. The main advantages of our technique compared to other nonvolatile storage methods are that there is no need for external electric fields or light of high intensity. Furthermore, during recording, the ultraviolet light prevents build-up of both holographically amplified scattered light and screening fields created by accumulation of charge at the boundaries of illuminated regions. During read-out, the crystal is insensitive and cross-talk build-up due to two-wave mixing effects does not occur. Thus the fidelity of the stored information is significantly improved and the error rate drops. Smooth and continuous recording curves like those shown in Fig. 3 are hard to obtain in conventional experiments. It appears that we have discovered a recording method in which essentially all the desirable features of holographic memory are improved. We consider that the prospects are excellent for practical holographic storage devices using this technique. The solubility of fullerenes in common organic solvents is a primary factor contributing to the rapid advancement of fullerene chemistry. Solvation allows extraction of fullerene clusters from carbon soot 3 , isolation of individual structures, and derivatization to form new compounds. Isomers of C 60 through to C 96 have been isolated and identified [4] [5] [6] , and these extractable isomers share common electronic features 7 . Specifically, both experimental [8] [9] [10] and computational 11, 12 investigations show that all soluble fullerenes have large bandgaps. As small-bandgap and radical fullerene structures were not identified in the extracts, it was generally concluded that these isomers were thermally annealed into more stable structures and were not present in the soot.
C 74 is an anomaly because it is regularly observed in soots by mass spectrometry, but it is not soluble. Like C 60 and C 70 , C 74 possesses only one possible isolated pentagon structure. Previous low-level Hückel molecular orbital 1,11 and tight-binding molecular dynamics calculations 7, 12 on C 74 (D 3 ) predicted a small bandgap, and it has been suggested that this could explain its insolubility 7 . More accurate density functional theory calculations (Fig. 1) Observations are similar for the higher fullerenes. Only a small percentage of the C 80 found in soots can be solvent-extracted, and this large-bandgap D 2 isomer 14 may not be as thermodynamically stable as the D 5h or I h radical isomers 12, 15 . As the undistorted ground state HOMO of C 80 (I h ) has only two electrons in four orbitals, the addition of six electrons produces a closed-shell, large-bandgap species, explaining the solubility of La 2 @C 80 (ref. 16) .
It is likely that larger fullerenes (ϾC 100 ) consist almost entirely of insoluble small-bandgap structures. Calculations indicate that the statistical probability of forming closed-shell, large-bandgap structures past C 100 is very small 1 , and this could account for the large amount of insoluble giant fullerenes observed in the soots. A report 17 demonstrating that giant fullerenes (as well as C 74 and C 80 ) can be extracted after chemical derivatization to passivate radical structures strongly suggests that they too have radical or small-bandgap configurations. Although we have considered only isolated pentagon isomers with small bandgaps, the soot could also contain adjacent pentagon isomers which are highly reactive owing to excessive pyramidalization (steric strain) along the pentagon junctions 31 . With small-bandgap (and radical) electronic structures, C 74 and C 80 (I h ) exhibit properties similar to the endohedral lanthanide metallofullerenes. The majority of radical Ln-metallofullerenes are insoluble, and only certain isomers of Ln@C 82 can be readily extracted 18 . The unique solubility of Ln@C 82 remains a mystery, but it is probably due to localization of the radical electron in bonds near the Ln atom. In addition to their similar electronic configurations, the unfilled orbitals of both small-bandgap fullerenes 28). Geometries were optimized using the 3-21G ‫ء‬ basis set, followed by single point calculations using the 6-31G ‫ء‬ basis set. The calculated value of 1.72 eV for the C 60 bandgap is in good agreement with a previous calculation of 1.64 eV (ref.
29). A singlet state was assumed for C 74 .
